When Watson and Crick described the structure of DNA in 1953, their initial Nobel-Prize-winning studies did not discuss how DNA damage and its repair affect its information content. More than 60 years later, we know that, in the time it takes you to read this article, each cell in your body will generate a very large number and a wide diversity of lesions in DNA. This DNA degradation is not limited to human beings but occurs in all organisms on earth. Fortunately, we also know that organisms from bacteria to man have developed several pathways to repair these lesions and that these repair pathways are extremely important for a wide variety of biological processes from the evolution of species to the modulation of human disease susceptibility. The Royal Swedish Academy of Sciences now celebrates the incredible value of DNA repair by awarding the 2015 Nobel Prize in Chemistry to three pioneers of basic research on DNA repair mechanisms, Tomas Lindahl, Aziz Sancar, and Paul Modrich. Even as the central dogma positing DNA to RNA to protein was being elucidated, the amazing contributions of DNA repair to genome integrity were being discovered. For example, studies performed by several truly outstanding investigators before and during the 1950s and 1960s (reviewed in Friedberg et al., 2006) revealed that treating bacterial or eukaryotic cells with exogenous agents that damage DNA results in cell death or mutagenesis and that these effects are suppressed by DNA repair. Then, in 1972, Tomas Lindahl published that the glycosylic bond between a purine base and the DNA backbone can spontaneously be cleaved at a readily detectable rate (Lindahl and Nyberg, 1972) , thereby generating an apurinic site that can be lethal or mutagenic if not repaired. He also showed that large numbers of oxidized, alkylated, and deaminated bases are produced in DNA as a consequence of normal processes that occur in cells every day and that spontaneous or enzymatic release of these modified bases can form large numbers of abasic sites. These elegant studies highlighted the need to repair DNA lesions resulting not only from external environmental stress but also from normal cellular metabolism.
Importantly, Lindahl did not stop there and, and by 1993, he had defined the basic mechanism of base excision repair (BER), which repairs the lesions he had quantified (Lindahl, 1993) . BER can be initiated by any of several DNA glycosylases that remove a modified base. Lindahl's first example was removal of a uracil generated by deamination of cytosine in a G-C base pair ( Figure 1A ), which is a reaction catalyzed by uracil DNA glycosylase. Abasic site endonuclease, discovered in the late 1960s and early 1970s, then cleaves this site, or abasic sites that are generated spontaneously, to generate a DNA end with sugarphosphate group lacking a base, i.e., a deoxyribosephosphate (dRP) group. DNA polymerase fills the gap and the dRP group is removed, after which DNA ligation completes BER. These mechanistic studies have led to the award of this year's prize to Lindahl. Based on his work and the work of several other outstanding investigators, we now know there are several variations on this BER theme, depending on the lesions being repaired, the DNA glycosylase that removes the lesion, the nuclease that cuts the DNA backbone, the polymerase that performs the DNA synthesis reaction, the enzyme that removes the dRP group, and the ligase that seals the gap. As a consequence, the number of nucleotides replaced can vary from a single nucleotide replacement during ''short-patch'' BER (as in Figure 1A ) to cleavage of a slightly longer flap by an endonuclease that results in ''long-patch'' BER (e.g., see Prasad et al., 2011) . We also know that BER is incredibly important biologically. Defects in the proteins that participate in BER are associated with lethality and/or mutagenesis in organisms from bacteria to man, and mutations that result from defective BER can affect evolution, the aging process, and susceptibility to human diseases such as cancer and neurodegenerative diseases.
The wealth of early studies of DNA repair also revealed that exposure of DNA or cells to UV light generates DNA photoproducts. In bacteria, DNA photoproducts can be converted back to normal base pairs either through direct reversal by DNA photolyase or by removal and replacement during another type of repair, nucleotide excision repair (NER). A large body of work on the mechanisms of action and the integration of these two repair processes has garnered a share of this year's Nobel Prize for Aziz Sancar. While working as a graduate student with C.S. Rupert in the mid-1970s, Sancar cloned the E. coli photolyase gene (Sancar and Rupert, 1978) . Then, working as a principal investigator in the 1980s, he performed seminal studies describing the mechanism of action of photolyase in reversing photoproducts (see Sancar et al., 1987 and references therein) . He also examined a role for the mammalian homolog of bacterial photolyase in circadian rhythm-i.e., the regulation of biological processes in response to light. Equally importantly, Sancar cloned several genes required for nucleotide excision repair in E. coli, and he and his colleagues then described their mechanism of action (Petit and Sancar, 1999) . He showed that lesions resulting from exposure to sunlight or certain chemicals are recognized by the Uvr proteins to initiate NER ( Figure 1B) . The pathway begins with lesion recognition by the UvrA and UvrB proteins. This recognition reshapes the DNA to allow the nuclease activities of the UvrB and UvrC proteins to incise the DNA backbone on both sides of the lesion, permitting the UvrD helicase to release an oligonucleotide containing the lesion. After this release, re-synthesis of DNA and ligation completes NER.
Sancar also performed seminal studies to identify and characterize the proteins involved in eukaryotic NER. Eukaryotic NER is mechanistically similar to prokaryotic NER, but it requires many more gene products and removes a larger damaged oligonucleotide than does prokaryotic NER. Moreover, eukaryotic NER is differentiated into global NER of the whole genome and transcription-coupled NER that specifically operates on transcribed genes. We now know that the protein requirements for these two types of NER differ somewhat (Schä rer, 2013 ). This fact is of great continuing interest not only mechanistically, but also because the health consequences of the failure of the two types of NER differ. In addition, Figure 1 . The Mechanisms of Escherichia coli BER, NER, and MMR (A) The mechanism of single-nucleotide BER of uracil arising from deaminated cytosine, as described by Lindahl (1993) . (B) The basic mechanism of NER described by Sancar (Petit and Sancar, 1999) . (C) The basic mechanism of E. coli MMR (Modrich, 1991) . See text for full descriptions and for additional studies of eukaryotic repair mechanisms.
Sancar has more recently found and is vigorously investigating the role of a mammalian homolog of bacterial photolyase in circadian control of mammalian NER, with one possible goal being chrono-chemotherapy .
The third Nobel laureate in Chemistry for 2015 is Paul Modrich. He too richly deserves this honor for his studies elucidating the mechanisms underlying a third, very important type of DNA repair, mismatch repair (MMR). By 1980, elegant studies by several outstanding bacterial geneticists had demonstrated that mismatched base pairs in the DNA of certain bacteria are corrected by MMR that is directed to one of the two DNA strands by unmethylated adenines present in GATC sequences and that this repair requires the products of the MutS, MutL, MutH, and UvrD genes. These facts prompted a series of studies in which Modrich began to unravel the mechanisms underlying MMR in E. coli. By 1989 (Lahue et al., 1989) , Modrich reported that MMR is initiated when MutS protein binds to a mismatch ( Figure 1C ). The mediator protein MutL then binds to MutS-DNA, allowing these proteins, with assistance from the beta clamp protein, to perform an ATP-dependent search of the DNA for GATC sequences containing adenines that are transiently hemimethylated for a very short time after replication. MutS and MutL then interact with MutH, allowing the endonuclease activity of MutH to incise the DNA backbone of the transiently unmethylated-i.e., newly replicated-DNA strand. This incision can be introduced either 5 0 or 3 0 of the mismatch, allowing the UvrD helicase to promote excision of the newly replicated DNA containing the mismatch by any of four nucleases. Correct DNA re-synthesis and ligation then complete E. coli MMR (Modrich, 1991) .
In the late 1980s, Modrich also began to use cell free extracts to examine the mechanism of eukaryotic MMR. Just as his colleagues had shown for BER and NER, Modrich showed that the mechanisms of prokaryotic and eukaryotic MMR share many common features but that eukaryotic MMR is more complicated. He shared in the discovery of eukaryotic MutSa in1993, and he has led the field in describing how this heterodimer cooperates with a second heterodimer, MutLa, to promote MMR recognition, signaling for strand discrimination and mismatch excision. Among Modrich's most important recent findings is that the PCNA sliding clamp that encircles DNA and participates in both replication and MMR, working in conjunction with MutSa bound to a mismatch, activates an endonuclease activity in MutLa. This nuclease activity nicks the DNA in only one strand, thereby allowing nuclear DNA replication errors in the newly synthesized strand to be repaired very efficiently (Kadyrov et al., 2006) . Remarkably, endonuclease activity is also present in most prokaryotic MutL homologs. This strongly implies that, for most organisms on earth, the major strand discrimination signal and entry point for mismatch excision during MMR involves sliding clampdependent nicking of the newly replicated DNA strand by bacterial MutL or eukaryotic MutLa. The many interesting questions that remain in this field can now be examined with an appreciation of the general mechanism of MMR outlined by Modrich's work.
Each of this year's Nobel laureates in chemistry share with their many colleagues the knowledge that DNA repair comes in many forms that sometimes overlap. Sancar and Modrich have coauthored articles showing that NER and MMR can sometimes repair the same lesions (e.g., see Mu et al., 1997) , and they have shown that the proteins involved in NER and MMR have additional functions in cellular checkpoint responses to DNA damage (Lindsey-Boltz et al., 2014; Liu et al., 2010) . The mechanistic studies by all three Nobel laureates are also beautifully complemented by extensive studies of additional types of DNA repair conducted by other talented investigators. This includes the repair of DNA doublestranded breaks by homologous recombination and by non-homologous end joining, repair of DNA-DNA and DNA-protein crosslinks, and repair of ribonucleotides incorporated into DNA. Moreover, the various types of DNA repair are controlled and coordinated with each other in space and time and with other cellular transactions, including replication, transcription, and cellular signaling mechanisms. Obviously, after only a few decades of work to sort out how evolution has gotten us to this point in the lives of many and very different organisms on earth, we still have much to learn. That said, it is a great pleasure to celebrate what we already know at this moment, thanks in large measure to the outstanding mechanistic studies of DNA repair conducted for several decades by Tomas Lindahl, Aziz Sancar, and Paul Modrich. As we eagerly look forward to what will be discovered in the future, we, their colleagues and friends, congratulate them!
